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Abstract 
Background: Identifying the mechanisms driving disease risk is challenging for multi-host pathogens, such as Bor-
relia burgdorferi sensu lato (s.l.), the tick-borne bacteria causing Lyme disease. Deer are tick reproduction hosts but do 
not transmit B. burgdorferi s.l., whereas rodents and birds are competent transmission hosts. Here, we use a long-term 
deer exclosure experiment to test three mechanisms for how high deer density might shape B. burgdorferi s.l. preva-
lence in ticks: increased prevalence due to higher larval tick densities facilitating high transmission on rodents (M1); 
alternatively, reduced B. burgdorferi s.l. prevalence because more larval ticks feed on deer rather than transmission-
competent rodents (dilution effect) (M2), potentially due to ecological cascades, whereby higher deer grazing pres-
sure shortens vegetation which decreases rodent abundance thus reducing transmission (M3).
Methods: In a large enclosure where red deer stags were kept at high density (35.5 deer  km−2), we used an experi-
mental design consisting of eight plots of 0.23 ha, four of which were fenced to simulate the absence of deer and four 
that were accessible to deer. In each plot we measured the density of questing nymphs and nymphal infection preva-
lence in spring, summer and autumn, and quantified vegetation height and density, and small mammal abundance.
Results: Prevalence tended to be lower, though not conclusively so, in high deer density plots compared to exclo-
sures (predicted prevalence of 1.0% vs 2.2%), suggesting that the dilution and cascade mechanisms might outweigh 
the increased opportunities for transmission mechanism. Presence of deer at high density led to shorter vegetation 
and fewer rodents, consistent with an ecological cascade. However, Lyme disease hazard (density of infected I. ricinus 
nymphs) was five times higher in high deer density plots due to tick density being 18 times higher.
Conclusions: High densities of tick reproduction hosts such as deer can drive up vector-borne disease hazard, 
despite the potential to simultaneously reduce pathogen prevalence. This has implications for environmental patho-
gen management and for deer management, although the impact of intermediate deer densities now needs testing.
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Background
Ecological cascades occur when a change in population 
or activity of a keystone species precipitates a cascade 
of alterations in an ecosystem [1]. While there are many 
examples of ecological cascades, tests of their extension 
to infectious disease risk have received less attention. 
This concept could be particularly significant for vector-
borne diseases, which rely upon vectors to carry and 
transmit pathogens from one host to another, and cas-
cading effects could manifest from changes in both vec-
tor host and pathogen host populations. For instance, one 
study showed that the introduction of Burmese pythons 
(Python bivittatus) resulted in a decline in some mammal 
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species but not in those acting as transmission hosts for 
the mosquito-borne Everglades virus. This increased the 
proportion of mosquito blood meals taken from trans-
mission hosts [2]. Other researchers found a positive 
association between coyote (Canis latrans) density and 
Lyme disease incidence because coyotes suppress red 
fox (Vulpes vulpes) populations, causing a release of fox 
predation on small mammals which increased densities 
of small mammals that transmit Lyme disease pathogens 
[3]. Lastly, two studies conducted in the Netherlands 
investigated the impacts of cattle grazing on small mam-
mals, tick density and tick-borne pathogen (Borrelia 
burgdorferi) prevalence [4, 5]. Gassner et al. [4] observed 
fewer rodents and ticks in grazed plots while Sprong 
et al. [5] found no effects of cattle grazing on the density 
of infected nymphs (DIN).
While these studies demonstrate that trophic interac-
tions can shape vector-borne disease risk, field experi-
mental approaches to dissect these effects remain rare. 
These include those on wild herbivores, which have been 
shown to alter habitat [4, 6], with cascading effects on 
communities of small mammals [7, 8], which are trans-
mission hosts for many pathogens, including tick-borne 
pathogens (e.g. tick-borne encephalitis virus and the bac-
teria causing Lyme disease). Here, therefore, we test this 
potential mechanism alongside other potential mecha-
nisms of how large herbivores might shape tick-borne 
pathogen prevalence and hazard.
Lyme disease, the most prevalent vector-borne disease 
in humans in the northern hemisphere, is an emerging 
disease in Europe and North America [9]. It is caused by 
the Borrelia burgdorferi sensu lato (s.l.) complex of bac-
teria (hereinafter referred to as B. burgdorferi s.l.) and 
transmitted by ixodid ticks. In Europe, the primary vec-
tor is Ixodes ricinus [9], a generalist three-host tick that 
feeds on a wide range of vertebrate species [10]. There 
are several genospecies of the bacteria within the B. burg-
dorferi s.l. complex, each with different transmission host 
associations. In northern Europe, rodents transmit Bor-
relia afzelii [11] while birds are associated with Borrelia 
valaisiana and Borrelia garinii [12]. Borrelia burgdorferi 
sensu stricto, the fourth most abundant genospecies, can 
be transmitted by both mammals and birds. Transmis-
sion is therefore predicted to increase as more immature 
ticks feed on infected hosts such as rodents [13, 14].
Deer, on the other hand, do not transmit B. burgdorferi 
s.l. [15, 16]. However, deer are the most important hosts 
for feeding adult female I. ricinus ticks prior to egg laying 
and, as such, high deer densities are often associated with 
high tick population densities [16–20]. We can therefore 
predict that high deer densities may increase tick burdens 
on transmission hosts such as rodents, thereby increasing 
pathogen transmission [13]. Deer can also feed immature 
tick life stages [10], so we could predict that, at high 
deer densities, a higher proportion of immature ticks 
feed on deer instead of transmission hosts, thus lower-
ing B. burgdorferi s.l. prevalence in the tick population 
through a dilution effect [21, 22]. An alternative mecha-
nism could also result in lower nymphal infection preva-
lence (NIP) from high deer densities since deer grazing 
can lead to sparser vegetation cover [6], with cascad-
ing negative effects on the density of transmission hosts 
such as rodents [7, 8] and birds [23]. While some studies 
have demonstrated an association between deer abun-
dance and Lyme disease hazard [24, 25], the mechanisms 
driving this association are equivocal. A particular gap 
in knowledge that this study aims to fill is the potential 
role of deer in regulating NIP and Lyme disease hazard 
through their cascading effects on vegetation and there-
fore transmission hosts such as rodents. Such cascading 
effects on vegetation and rodents might be predicted to 
occur even at small spatial scales as plant communities, 
herbivore grazing pressure, rodent activity and tick dis-
tribution are all spatially highly heterogeneous [24, 26–
28]. Consequently, rodents are expected to spend more 
time in patches with favourable vegetation structure and 
less grazing pressure. These heterogeneities provide the 
opportunity to test cascading effects experimentally, 
at small spatial scales most amenable to manipulation. 
Here, we use a replicated deer exclosure experiment to 
test the following three possible mechanisms (M1, M2 
and M3) for the effects of high deer density on NIP:
M1-Increase in transmission potential: We predict 
that high deer density will lead to  a high density of 
questing larvae which, assuming there are enough 
hosts in the system to provide blood meals for the 
larvae, will translate into high nymph densities (den-
sity of questing nymphs; DON). For a given trans-
mission host density, this could result in higher lar-
val and nymphal tick burdens on transmission hosts 
[13], which could result in higher NIP than in areas 
without deer.
M2-Dilution effect: We predict lower prevalence in 
areas of high deer density due to a higher proportion 
of larval ticks feeding on deer instead of on trans-
mission hosts such as rodents.
M3-Ecological cascade: We predict that intense graz-
ing pressure due to high deer densities will result in 
shorter vegetation and, therefore, fewer rodents [6–
8] and lower prevalence. Rodent activity might also 
be negatively affected by high deer density directly 
through disturbance.
These different mechanisms are not mutually exclusive 
and the effect of high deer density on NIP will depend 
Page 3 of 12Gandy et al. Parasites Vectors          (2021) 14:509  
on the relative strength of the first (transmission poten-
tial) mechanism compared to the other two (dilution and 
ecological cascade mechanisms) (Fig.  1). A further key 
aim was to test the impact of high deer density on Lyme 
disease hazard, which is defined as the DIN in the envi-
ronment and is the product of NIP and DON [29]. It is 
difficult to predict the effect of deer on Lyme disease haz-
ard because it will depend on the relative strengths of the 
effect of deer on DON and the mechanisms driving NIP 
(Fig. 1).
The use of experimental deer exclosures is particularly 
suitable for testing the ecological cascades mechanism 
as it maximises habitat impacts while avoiding the intro-
duction of noise from heterogeneities in land use, habitat, 
topography and climate that typify landscape-scale sur-
veys. In addition, the exclusion of deer has high applied 
relevance since deer fencing is a common land manage-
ment tool and is increasingly being used to mitigate the 
impacts of ticks [17].
Methods
Experimental design
The experiment took place at Glensaugh Research Farm 
in Aberdeenshire, Scotland (56.914217 N, − 5.532070 E), 
in a 15-ha enclosure of upland moorland where five red 
deer (Cervus elaphus) stags were kept (density 35.5 deer 
 km−2). Deer were supplementary fed during the winter 
and treated orally against intestinal worms with a broad-
spectrum anti-parasite agent (ivermectin) once a year in 
the autumn. While the effect of this anti-parasite treat-
ment on tick burdens was not assessed, we assumed 
that the low level of treatment and its timing late in the 
year would have had minimal effects on tick burdens 
on deer [30, 31]. Within this moorland enclosure, eight 
0.23 ha plots (four fenced, four unfenced) were set up in 
2004/2005 (fence mesh size 20 × 20 cm). The four fenced 
plots (hereinafter referred to as deer-exclusion plots) 
excluded deer, while the four unfenced plots (herein-
after referred to as high deer density plots) were acces-
sible to the deer and subjected to high grazing pressure 
(Additional file  1: Fig. S1). As part of a different study, 
each plot was divided into five subareas each of approxi-
mately 15 m × 15 m to create five habitats: high density 
birch, low density birch, a single birch in the centre of 
the plot, high density pine, and a control which was not 
planted and consisted of Calluna vulgaris-dominated 
heathland. Tree saplings were 9 years old by the time this 
study started in 2013. To our knowledge, the only hosts 
Fig. 1 Conceptual diagram to illustrate three pathways through which high deer density might affect nymphal infection prevalence (NIP) with 
Borrelia burgdorferi sensu lato (s.l.), and how the density of infected nymphs (DIN-Lyme disease hazard) depends on a combination of NIP and the 
density of questing nymphs (DON)
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permanently present at this site were rodents and birds; 
other mammals such as hares (Lepus europaeus), muste-
lids, foxes (Vulpes vulpes) or badgers (Meles meles) were 
either not present or rare.
Quantifying I. ricinus DON
Questing nymphs were surveyed in 2013, 2014, 2018 and 
2019 using a standard dragging method [32] which con-
sists of dragging a 1 m × 1 m square of woollen blanket 
material over the ground vegetation for 10-m linear tran-
sects. In 2013 and 2014, ten transects were surveyed in 
each of the heather, high density birch and pine habitats 
for all plots (n = 720 transects/year), while in 2018 and 
2019, six transects were surveyed in each of the same 
three habitats (n = 432 transects/year). Tick surveys 
were done in May, July and September between 0900 
and 1900  hours. To reduce edge effects, ticks were sur-
veyed at least 2 m away from the fence; ticks tend not to 
be able to walk horizontally more than this distance [33]. 
Air temperature and relative humidity were recorded for 
each transect to be taken account of in statistical models 
as these factors affect tick activity [34]. Ground vegeta-
tion height was recorded at the beginning (at 0 m), mid-
dle (at 5  m) and end (at 10  m) of each transect using a 
sward stick. Questing nymphs were counted, collected 
and stored at − 20 °C for later pathogen analysis.
Quantifying rodent activity and tick burdens
To test the effect of vegetation on rodents, and the effect 
of rodents on NIP (M2—dilution mechanism and M3—
ecological cascade mechanism), as well as to quantify 
tick burdens on rodents (M1—increase in transmission 
mechanism), rodent activity was estimated in July 2017 
and 2018 using a live-trapping method. In 2017, four 
non-selective Sherman live traps (16 × 5 × 6.5 cm; Sher-
man, Tallahassee, FL) were baited with oats and placed 
in each of the five habitats within each plot, at least 2 m 
away from the edge of the plot, at 10-m spacing, resulting 
in a total of 20 traps per plot (i.e. 200 trap nights (TN) 
per deer treatment). Traps were set for three consecutive 
nights in four of the plots (two fenced/two unfenced) and 
for two consecutive nights in the remaining four plots. 
In 2018, four traps were installed for four consecutive 
nights in the three habitats in which ticks were surveyed 
(heather, high density birch and pine habitats) in each 
plot, resulting in 12 traps per plot (i.e. 192 TN per high 
deer treatment). Traps were activated after 1600  hours 
and checked every morning before 1000  hours. For all 
captures, species, sex, weight and approximate age (juve-
niles or adult) of each individual were recorded. Ticks 
attached to rodents were counted and collected from 
around the head and ears and stored in 100% ethanol. 
All captured rodents were released at the capture site. 
For analysis, we took the proportion of traps with a cap-
ture as our rodent activity index. Both tick burden and 
rodent captures data were needed to test the dilution 
effect (M2), which requires a comparison between high 
deer density plots and deer exclosures in the relative pro-
portion of the larval tick population that feeds on rodents 
versus deer.
Measurement of B. burgdorferi s.l. prevalence (NIP)
As part of testing all three mechanisms of the effects 
of high deer density on NIP, and to estimate Lyme dis-
ease hazard (DIN), DNA was individually extracted 
from questing nymphs by using an ammonia extraction 
method [35]. Borrelia burgdorferi s.l. was detected using 
two methods for this study: nested polymerase chain 
reaction (PCR) and real-time (quantitative) PCR (qPCR). 
Ticks collected in 2013 and 2014 were tested using a 
nested PCR targeting the 5S-23S intergenic spacer region 
using the protocol described by Rijpkema et al. [36]. Fol-
lowing an issue arising from the nested PCR protocol, 
samples collected in 2018 and 2019 were tested using 
a qPCR method. A qPCR protocol on fragments of the 
OspA gene [37] was optimized using the IQ Supermix 
(Bio-Rad Laboratories, Hercules, USA) in a Stratagene 
Mx3005P thermal cycler (Agilent, Santa Clara, USA). 
Each reaction contained IQ Supermix, two primers at 
200  nM (B-OspA_modF, AAT ATT TAT TGG GAA TAG 
GTC TAA; B-OspA_borAS, -CTT TGT CTT TTT CTT 
TRC TTA CAA G), the probe (B-OspA_mod-probe, 
-FAM-AAG CAA AAT GTT AGC AGC CTTGA-BHQ-1) at 
100 nM and 3 µL of DNA. One positive and one negative 
control were added for every plate.
We confirmed the correspondence between the two 
PCR protocols by using 61 known positive samples (by 
nested PCR, mix of genospecies) and 344 known nega-
tive samples. In all cases, results from the qPCR matched 
those of the nested PCR. Positive samples from the qPCR 
protocol were subjected to the nested PCR protocol to 
identify B. burgdorferi s.l. genospecies. All PCR products 
from positive samples were Sanger sequenced to identify 
the genospecies of B. burgdorferi s.l. For analysis, we used 
the proportion of questing nymphs infected (NIP).
Statistical analyses
All statistical analyses were performed in R version 3.5.1 
(R Core Team, 2013). For generalized linear mixed-effects 
models (GLMMs) and generalized linear models (GLMs), 
we tested for potential collinearity between explanatory 
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variables by calculating variance inflation factors (VIFs), 
and variables for which the VIF was above 4 were dis-
carded from the model [38]. Model selection was done 
using the dredge function from the MuMIn package [39] 
based on the corrected Akaike information criterion 
(AICc) [40]. When appropriate, we conducted post hoc 
Tukey tests to assess pairwise comparisons between lev-
els of categorical variables.
The effects of high deer density on NIP with B. burgdorferi s.l.
Our three mechanisms are all concerned with a potential 
effect of high deer density on NIP. To test for this effect 
of high deer density, we used a binomial GLMM with a 
logit link and NIP for B. burgdorferi s.l. (three prevalence 
estimates per habitat and per year) as the response vari-
able. The full model included deer treatment (deer exclu-
sion or high deer density) as our main predictor, as well 
as month (May, July or September), habitat (high den-
sity pine, high density birch or heather control) and year 
(2013, 2014, 2018 or 2019). An observation-level random 
effect was included to account for overdispersion [41].
Mechanism 1: increase in transmission potential
We investigated whether high deer density led to 
increased DON, which we hypothesised to be a conse-
quence of high deer density resulting in higher questing 
larval and nymph density and higher tick burdens on 
rodents. We used a hurdle GLMM with a Poisson distri-
bution. We tested for zero-inflation using the DHARMa 
package [42] and we chose a hurdle model as the num-
ber of zeros were underestimated with a Poisson GLMM 
[43]. The response variable was the number of questing 
nymphs collected per 10  m transect and the full model 
included deer treatment, month, year, habitat, ground 
vegetation height, relative humidity, temperature and 
whether the ground was dry during collection. We also 
included the interactions between deer treatment and 
month and between deer treatment and habitat, as the 
effects of deer on ticks might vary between months and 
habitat type. Plot number and an observation-level ran-
dom effect were included, the latter to account for overd-
ispersion [44, 45].
Although we initially planned to compare tick burdens 
on rodents between deer density treatments, only two 
rodents were caught in high deer density plots (see M3) 
so this analysis could not be performed.
Mechanisms 2: dilution effect
The dilution effect mechanism implies that the rela-
tive proportion of the larval tick population feeding on 
deer vs rodents (i.e. tick burden × relative abundance of 
each host type) is higher in high deer density plots com-
pared to exclosures. Testing this formally was not possi-
ble because only two rodents were captured in high deer 
density plots (as predicted by M3), which precluded the 
fitting of a model of the effects of high deer density on 
tick burden on rodents. We did not count tick burdens 
on deer. To evaluate this mechanism, we therefore report 
descriptive statistics for tick burdens on rodents and rela-
tive host abundance.
Mechanism 3: ecological cascade
To test the first part of the cascade, that high deer den-
sity negatively affects ground vegetation height (M3), we 
used a GLMM with a Gaussian distribution and ground 
vegetation height as our response variable. The full model 
included deer treatment, month and year as fixed effects 
and a random effect of plot number.
To test the second part of the cascade, that shorter veg-
etation negatively affects rodent activity, we conducted 
two analyses, both using a binomial GLMM with a logit-
link and our rodent index as the response variable. For 
the first, the full model included vegetation height, hab-
itat and year as fixed covariates and a random effect of 
plot number. Vegetation height was averaged per habitat 
type and per year and we used vegetation height from the 
heather habitat for the single birch and sparse birch habi-
tats because there was no difference between these three 
[17]. For the second analysis, testing for a direct impact 
of deer on rodent activity, the full model included deer 
treatment, habitat and year as fixed covariates and a ran-
dom effect of plot number.
To test the last part of the cascade, that rodent abun-
dance positively affects NIP, we used a binomial GLMM. 
The response variable was NIP for B. afzelii and the full 
model included the number of rodents captured the pre-
vious year (data for 2017 and 2018), habitat, year and 
month. We included an observation-level random effect 
to account for overdispersion [41].
The effects of high deer density on Lyme disease hazard
To test how high deer density affects Lyme disease hazard 
(DIN), we used a hurdle GLMM with a Poisson distribu-
tion, as the number of zeros was underestimated with a 
Poisson GLMM [43]. The response variable was the DIN 
and, as this variable was averaged at the plot level (three 
estimates per habitat and per year), we used an offset for 
the area surveyed. The full model included deer treat-
ment, month, year, habitat, temperature and whether the 
ground was dry during tick survey as fixed variables and 
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the plot number and an observation-level random effect 
were included as random terms.
Results
Over 4 years of data collection, 12,310 questing nymphs 
were sampled (Table  1). A random subset of 1000 
nymphs was examined under the microscope for species 
identification using specific keys [46] and all were found 
to be Ixodes ricinus. Thus, we assumed that all questing 
ticks collected in this study were I. ricinus. We tested 
all 585 questing nymphs collected from deer-exclusion 
plots and a subset of 1042 from high deer density plots 
for B. burgdorferi s.l. Prevalence (NIP) was 0.9% (95% 
CI: 0.4–1.6) in high deer density plots and 2.7% (95% CI: 
1.6–4.4) in deer-exclusion plots (Table 1). The dominant 
B. burgdorferi s.l. genospecies was the rodent-associated 
B. afzelii (92%, n = 23/25) followed by the bird-associated 
B. valaisiana (4%, n = 1/25) and B. garinii (4%, n = 1/23). 
Over 2 years of trapping, 24 individual bank voles were 
caught in deer-exclusion plots (6.69/100 TN, SD = 2.41), 
while only two were captured in high deer density plots 
(0.51/100  TN, SD = 0.97) and no other rodent species 
were detected (Table 1).
The effects of high deer density on NIP with B. burgdorferi 
s.l.
While the best-fit model for NIP only included habi-
tat type, year and month, the second-best model (0.44 
increase of AICc compared to the best model) included 
deer treatment, habitat type and year. Based on this 
second model, predicted NIP had a lower mean but 
was statistically indistinguishable in high deer density 
plots (1.0%, 95% CI: 0.3–4.2) compared to deer-exclu-
sion plots (2.2%, 95% CI: 0.6–7.6) (Fig. 2). NIP also var-
ied across years, habitats and months. The full model 
results are provided in the Additional file 2: Table S4.
Table 1 Summary of the density of questing nymphs (DON), number of bank voles caught per 100 trap nights (TN), prevalence of 
Borrelia burgdorferi sensu lato (s.l.) in questing nymphs (NIP) and density of nymphs infected with B. burgdorferi s.l. (DIN) across years 
and treatments
CI Confidence interval, NA Non-applicable
a Ticks were not collected in 2017
b Rodent trapping was conducted in 2017 and 2018 only
Treatment Yeara DON (nymphs 
10  m−2 ± SD)
Bank voles/100 TN ±  SDb NIP (%) (95% CI) DIN (nymphs 
1000  m−2 ± SD)
High deer density 2013 9.78 ± 9.99 NA 0.56 (0–3.1) 4.81 ± 14.42
2014 9.67 ± 9.27 NA 0 0
2017 NA 0.50 ± 1.12 NA NA
2018 25.57 ± 25.84 0.52 ± 0.90 0.24 (0–1.3) 3.21 ± 9.64
2019 6.21 ± 7.60 NA 2.47 (0.9–4.4) 6.12 ± 9.74
Average 12.10 ± 15.46 0.51 ± 0.97 0.86 (0.4–1.6) 3.86 ± 10.17
Deer exclusion 2013 0.37 ± 0.84 NA 1.92 (0.2–6.8) 0.96 ± 1.50
2014 0.54 ± 1.01 NA 4.23 (1.9–7.9) 2.09 ± 3.20
2017 NA 6.95 ± 2.51 NA NA
2018 0.67 ± 1.35 6.25 ± 2.70 0.72 (0–3.9) 0.46 ± 1.39
2019 0.65 ± 1.11 NA 3.10 (0.9–7.7) 1.96 ± 3.20
Average 0.53 ± 1.06 6.69 ± 2.41 2.74 (1.6–4.4) 1.41 ± 2.54
Fig. 2 Mechanism 2—dilution effect. NIP for Borrelia burgdorferi 
s.l. (%) [± 95% confidence interval (CI)] in high deer density and 
deer-exclusion plots
Page 7 of 12Gandy et al. Parasites Vectors          (2021) 14:509  
Mechanism 1: increase in transmission potential
Effects of high deer density on DON
The final model included deer treatment, month, 
habitat type, year, relative humidity, temperature and 
whether the ground was wet. On average, predicted 
DON was 18 times higher in high deer density plots 
(DON = 10.9, 95% CI: 0.1–36.6) compared to deer-
exclusion plots (DON = 0.6, 95% CI: 0–3.4) (Fig.  3). 
DON varied across months, years and habitats and 
was influenced by temperature, relative humidity 
and whether the ground was wet (Additional file  2: 
Table S1).
Effects of high deer density on tick burdens on rodents
Bank voles in deer-exclusion plots (n = 24) harboured, 
on average, 14.2 larvae (range 0–40 larvae per individ-
ual) while bank voles in high deer density plots (n = 2) 
had, on average, 17.5 larvae (range 10–25 larvae per 
individual). Low captures in high deer density plots 
prevented us from statistically comparing tick burdens 
between treatments further. No nymphs were found 
attached to a bank vole.
Mechanism 2: dilution effect
Comparison between high deer density plots and exclosures 
on the relative proportion of the larval population feeding 
on rodents vs deer
Based on the number of larvae feeding on the individual 
bank voles that we caught in deer-exclusion plots  (24 
individuals feeding 14.2 larvae each, on average), we esti-
mated that these bank voles fed a total of 340.8 larvae. 
In high deer density plots, the caught bank voles fed 35 
larvae (two individuals feeding 17.5 larvae each, on aver-
age). These data suggest that 9.7 times more larvae fed 
on bank voles in deer-exclusion plots compared to high 
deer density plots. In deer-exclusion plots, no larvae fed 
on deer (as there were no deer in exclosures). High deer 
density plots had a deer density of 35.5 deer  km−2, but we 
were not able to measure tick burdens on these deer.
Mechanism 3: ecological cascade
Effects of high deer density on ground vegetation
The final model included deer treatment, month, habi-
tat type and year. Ground vegetation was predicted to 
be 14.4  cm shorter in high deer density plots (36.9  cm, 
95% CI: 30.3–43.6) compared to deer-exclusion plots 
(51.4 cm, 95% CI: 44.8–58.1) (Fig. 4a). Ground vegetation 
height was also influenced by month and differed among 
habitats (Additional file 2: Table S2).
Effects of vegetation height on rodents
The final model included deer treatment and year and the 
predicted number of bank voles captured was positively 
correlated with ground vegetation height and increased 
by 1.17 captures per 100 TN for every 1 cm increase in 
vegetation height (Fig.  4b). Bank vole capture rate also 
varied between years (Additional file 2: Table S3).
Effects of high deer density on rodent use of space
The final model included deer treatment only and the 
model predicted that 13 times more bank voles would 
be captured in deer-exclusion plots (6.6/100  TN, 
95% CI: 4.5–9.5) compared to high deer density plots 
(0.5/100 TN, 95% CI: 0.1–2.0) (Fig. 4c).
Effects of rodent capture rate on NIP for B. afzelii
While the best-fit model included only year and month, 
rodents were positively associated with NIP in the sec-
ond-best model (ΔAICc = 1.9) with an increase in NIP of 
0.05% for every vole caught per 100 TN (Fig. 4d) (Addi-
tional file 2: Table S4).
The effects of high deer density on Lyme disease hazard 
(DIN)
The final model included deer treatment, habitat type 
and temperature. Predicted Lyme disease hazard 
Fig. 3 Mechanism 1—increase in transmission potential. DON 
(nymphs 10  m−2) (± 95% CI) in high deer density and deer-exclusion 
plots. For abbreviations, see Fig. 2
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(DIN) was five times higher in high deer density plots 
(5.0/1000  m−2, 95% CI: 0–30.4) compared to deer-exclu-
sion plots (1.0/1000  m−2, 95% CI: 0–7.0) (Fig. 5). DIN was 
also influenced by habitat and temperature (Additional 
file 2: Table S5), and the same results were obtained when 
examining DIN for B. afzelii alone (Additional file  3: 
Table S6).
Discussion
A fencing experiment allowed us to test three mecha-
nisms (increased transmission potential, dilution and 
ecological cascades) for how high deer density may affect 
B. burgdorferi s.l. infection prevalence in questing ticks 
(NIP). Furthermore, we could test how these effects on 
NIP interact with the role of deer in supporting tick pop-
ulations and shaping Lyme disease hazard. We found that 
NIP tended to be lower in high deer density plots along 
with evidence pointing to a combination of dilution and 
ecological cascade effects. Despite indications of a lower 
NIP, Lyme disease hazard (DIN) was five times higher in 
high deer density plots compared to deer-exclusion plots, 
due to a strong, positive association between deer and 
nymph density.
The transmission potential mechanism (M1) predicted 
that a high deer density would result in an increased 
Fig. 4 a–d Mechanism 3—ecological cascades linking high deer density with Lyme disease pathogen prevalence in Ixodes ricinus ticks. Graphs 
show predicted outputs from generalized linear mixed-effects models of ground vegetation height (a), bank voles per 100 trap nights (TN) with 
ground vegetation height (b), bank voles per 100 TN in high deer density and deer-exclusion plots (c), and NIP with Borrelia afzelii (%) with bank vole 
abundance the previous year (d). Error bars and shaded areas represents 95% CI. For other abbreviations, see Fig. 2
Fig. 5 Effects of deer density on DIN (nymphs 1000  m−2) (± 95% CI) 
in high deer density and deer-exclusion plots. For abbreviations, see 
Fig. 2
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tick density, causing higher tick burdens (and therefore 
increased transmission potential) on individual rodents. 
We did find a strong positive effect of high deer density 
on DON, highlighting the importance of deer in driving 
tick populations, as found in previous studies [16–20].
Several studies have reported positive correlations 
between DON and tick burdens on rodents [13, 47] and 
other hosts [48]. This may also have been the case for 
rodents in our experiment but, as only two bank voles 
were captured in high deer density plots (as predicted by 
the ecological cascade mechanism), we were not able to 
test for differences between deer treatments in individual 
rodent tick burdens. The dramatic reduction in rodent 
captures in the high deer density plots is a key finding 
and also indicates that testing the transmission potential 
mechanism (M1), which predicts tick burdens for a given 
transmission host density, could be problematic under 
these conditions as it is likely that the number of individ-
uals caught would be too low to test this hypothesis.
Our observation that B. burgdorferi s.l. prevalence 
tended to be lower in high deer density plots, despite the 
estimates being associated with considerable uncertainty, 
is consistent with predictions of both the dilution effect 
(M2) and ecological cascade (M3) mechanisms. The dilu-
tion effect predicts lower NIP at high deer densities due 
to a lower proportion of the larval tick population feeding 
on rodents, which are transmission hosts for B. burgdor-
feri s.l., than on deer that do not transmit the pathogens 
[20, 22, 24]. This is challenging to test because, ideally, 
it requires density estimates and tick burdens of the key 
hosts. We could not obtain tick burden measurements on 
deer and we caught only two voles in high deer density 
plots, precluding statistical tests. However, based on dif-
ferences in vole abundance between deer treatments, we 
estimated that voles fed almost ten times more larvae in 
deer-exclusion plots compared to high deer density plots. 
This compares to no larvae feeding on deer in exclusion 
plots (as deer were absent), in contrast to the situation in 
high deer density plots where it is highly likely that most 
larvae fed on deer. We argue this based on (i) a very high 
deer density (35.5  deer  km−2), and (ii) high densities of 
questing nymphs (implying high numbers of larvae feed-
ing successfully) in high deer density plots. We therefore 
suggest that a dilution effect was one of the mechanisms 
operating on NIP in response to high deer densities, as 
has been previously suggested for B. burgdorferi s.l. [20, 
22, 24] and predicted for other tick-borne pathogens, 
including tick-borne encephalitis virus [15] and louping 
ill virus [49].
While we did not survey other known hosts of larval 
ticks such as birds or shrews (Sorex spp.) [50, 51], pre-
vious studies suggest that the effect of high deer density 
on these groups is also likely to be negative [7, 23, 52]. 
It is therefore likely that the populations of alternative 
hosts in general were low in high deer density plots and 
that the majority of larvae must have been feeding on 
red deer. In addition, the fact that almost all nymphs that 
tested positive (92%) were infected with the rodent-asso-
ciated pathogen B. afzelii suggests that other hosts (e.g. 
birds) contributed little to B. burgdorferi s.l. transmis-
sion in our system. However, we did not assess whether 
hedgehogs (Erinaceus europaeus) were present, which, 
as known reservoirs for B. burgdorferi s.l. that can trans-
mit B. afzelii, could be involved in the transmission cycle 
[53–55].
To the best of our knowledge, this is the first test of the 
ecological cascade mechanism of B. burgdorferi s.l. prev-
alence that predicts that grazing pressure from high deer 
densities could reduce the height of vegetation, which 
would result in fewer rodents and therefore could lower 
NIP. We found support for most of the expected ecologi-
cal links: high deer density resulted in shorter vegetation, 
which highlighted the effects of deer grazing on vegeta-
tion structure [6, 7]. Shorter ground vegetation was asso-
ciated with fewer bank voles, whereas denser and taller 
ground vegetation is thought to provide better food, shel-
ter and protection from predators [7, 56]. We captured 
13 times fewer bank voles in high deer density plots, 
consistent with our predictions and with previous work 
that showed higher densities of bank voles [6] and wood 
mice [6, 57] in plots that excluded deer. It is possible that 
direct disturbance from deer (which we did not quantify) 
could also be a contributing factor to the low density of 
bank voles in addition to the effect of reduced vegetation 
cover [7]. However, we could not confirm the last link 
for the ecological cascade mechanism (i.e. a strong link 
between rodent activity and NIP) since, although bank 
vole abundance the previous year was a positive predictor 
of NIP for B. afzelii (Fig. 4d), the effect was statistically 
weak. The weak association between vole abundance 
and NIP in this experiment could be due to several fac-
tors, including low prevalence of B. burgdorferi s.l. over-
all, providing an insufficient signal for the detection of 
unequivocal statistical effects. Another contributory fac-
tor might have been the small spatial scale of our experi-
ment plots (0.23  ha), facilitating likely movements of 
rodents between fenced and unfenced plots, which were 
30–100 m apart. Quantifying rodent movement through 
tagging and extended trapping seasons could also aid 
data interpretation in future studies. These experiments 
should be replicated on a larger spatial scale to prevent 
these possible movements and help to untangle the dif-
ferent mechanisms. It would also be interesting to con-
duct a similar study in a locality with higher density and 
diversity of rodents to see whether the results can be rep-
licated. Indeed, the overall low abundance and diversity 
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of rodents in our study create specific conditions that 
might be different from those of other ecosystems.
The small spatial scale of our plots, while a potential 
issue for confirming a link between rodent abundance 
and NIP, proved sufficient to demonstrate effects of high 
deer density on DON, vegetation height and rodent 
activity, and ultimately, Lyme disease hazard. While a 
previous meta-analysis of deer-exclusion effects on tick 
abundance [14] suggested that deer-exclusion areas of 
at least 2.5  ha may be necessary to have an effect, our 
results show smaller plots sizes to be sufficient for reveal-
ing strong spatial gradients and for testing impacts of 
deer on ticks, consistent with the findings of other recent 
studies (Gilbert et al. [17] plots of 0.2–0.25 ha; Mysterud 
et al. [18] plots of 0.04 ha).
Irrespective of the mechanisms driving NIP, the 
most critical parameter governing public health 
and policy importance for Lyme disease is the DIN 
(= NIP × DON), which is the key proxy for Lyme dis-
ease hazard in the environment [29]. DIN was five 
times higher in high deer density plots compared to 
exclosures due to deer having a strong positive effect 
on DON. Similarly, other studies have found a positive 
correlation between deer density and Lyme disease haz-
ard [24, 25] or Lyme disease incidence in humans [18]. 
Using an experimental system with high deer densities 
(35.5 deer  km−2), we were able to demonstrate that the 
role of deer as tick reproduction hosts is, for high deer 
densities, more important than their role in lowering 
NIP through dilution and ecological cascade mecha-
nisms in shaping Lyme disease hazard.
In contrast to our experiment, previous studies have 
shown Lyme disease hazard to be associated with higher 
densities of transmission hosts [25, 58]. However, such an 
association requires enough vectors in the environment 
to transmit the pathogen effectively [59], whereas in our 
experimental situation, the plots with high densities of 
transmission hosts did not have deer, and therefore had 
few ticks to aid transmission. Thus, we might expect 
Lyme disease hazard to be highest in an environment 
supporting both high numbers of transmission hosts and 
tick reproduction hosts. However, based on our findings 
and previous research showing that high deer densities 
have strong negative effects on rodent abundance [7, 8], 
such a combination may not commonly occur in nature.
Our results highlight the need for a systems approach 
to studying such a complex disease system, where dif-
ferent host types might affect each other’s densities 
through habitat modification, or by other means such 
as predation [3]. Gaps in knowledge that can now be 
addressed include testing for cascading effects of deer on 
B. burgdorferi s.l. prevalence at landscape scales, with the 
inclusion of a full range of intermediate deer densities, 
to investigate non-linearities and thresholds of effects of 
deer and to test whether the mechanisms supported here 
operate in a non-experimental setting.
Conclusions
In conclusion, we found evidence suggesting that high 
deer density could lower Lyme disease pathogen preva-
lence by a combination of dilution and ecological cascade 
effects. Despite this, Lyme disease hazard was five times 
higher in high deer density plots due to a strong positive 
effect of deer on tick density. This study is, to our knowl-
edge, the first to test for cascading effects of deer on B. 
burgdorferi s.l. prevalence via grazing and suppression 
of rodent abundance. This study highlights the need for 
a systems approach to understand disease dynamics and 
risks that could arise from complex ecological interac-
tions between host types and habitat.
Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13071- 021- 05000-0.
Additional file 1. Experimental design. Figure S1. This additional file 
presents a picture of the experimental design with the different plots.
Additional file 2. Summary tables for GLMs and GLMMs. Table S1. 
Summary table from the selected model to explain what causes vari-
ations in questing nymph abundance. GLMM focussing on questing 
nymph abundance. Table S2. Summary table from the selected model 
to explain what causes variations in ground vegetation height, ground 
vegetation density and tree height. Table S3. Summary table from the 
selected model to explain what causes variations in bank vole abundance. 
Table S4. Summary table from the selected model to explain what causes 
variations in nymphal infection prevalence. Table S5. Summary table from 
the selected model to explain what causes variations in the density of 
infected nymphs.
Additional file 3. GLMM for the density of nymphs infected with Borrelia 
afzelii. Table S6. Summary table from the selected model to explain what 
causes variations in the density of nymphs infected with B. afzelii. 
Acknowledgements
We would like to thank Donald Barrie, manager at Glensaugh research farm, 
for letting us conduct our fieldwork there, and Alison Hester and Richard 
Hewison for setting up the original fenced plots.
Authors’ contributions
LG and RB initiated the project; SG, CM, RB and LG designed the methodol-
ogy; LG and SG collected the data (LG in 2013 and 2014 and SG in 2017, 2018 
and 2019); EK optimized laboratory protocols and SG conducted laboratory 
analyses; SG analysed the data and generated figures; SG and LG led the writ-
ing of the manuscript; All authors contributed to reviewing and editing the 
manuscript. All authors read and approved the final manuscript.
Funding
SG was supported by a PhD studentship jointly funded by the University 
of Glasgow and the Macaulay Development Fund. LG was supported by 
the Scottish Government’s Rural and Environmental Science and Analytical 
Services Division.
Page 11 of 12Gandy et al. Parasites Vectors          (2021) 14:509  
Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.
Declarations
Ethics approval and consent to participate
Rodent trapping was conducted under Home Office regulations project 




The authors declare that they have no competing interests.
Author details
1 Institute of Biodiversity, Animal Health and Comparative Medicine, University 
of Glasgow, Glasgow, UK. 2 The James Hutton Institute, Craigiebuckler, Aber-
deen, UK. 3 Institute of Infection, Veterinary and Ecological Sciences, University 
of Liverpool, Liverpool, UK. 
Received: 2 June 2021   Accepted: 8 September 2021
References
 1. Keesing F, Young TP. Cascading consequences of the loss of large 
mammals in an African savanna. Bioscience. 2014;64(6):487–95.
 2. Hoyer IJ, Blosser EM, Acevedo C, Thompson AC, Reeves LE, Burkett-
Cadena ND. Mammal decline, linked to invasive Burmese python, shifts 
host use of vector mosquito towards reservoir hosts of a zoonotic 
disease. Biol Lett. 2017;13(10):20170353.
 3. Levi T, Kilpatrick AM, Mangel M, Wilmers CC. Deer, predators, and the 
emergence of Lyme disease. Proc Natl Acad Sci. 2012;109(27):10942–7.
 4. Gassner F, Verbaarschot P, Smallegange RC, Spitzen J, Van Wieren SE, 
Takken W. Variations in Ixodes ricinus density and Borrelia infections 
associated with cattle introduced into a woodland in the Netherlands. 
Appl Environ Microbiol. 2008;74(23):7138–44.
 5. Sprong H, Moonen S, van Wieren SE, Hofmeester TR. Effects of cattle 
grazing on Ixodes ricinus-borne disease risk in forest areas of the Neth-
erlands. Ticks Tick Borne Dis. 2020;11(2):101355.
 6. Buesching CD, Newman C, Jones JT, Macdonald DW. Testing the effects 
of deer grazing on two woodland rodents, bank voles and wood mice. 
Basic Appl Ecol. 2011;12(3):207–14.
 7. Flowerdew JR, Ellwood SA. Impacts of woodland deer on small mam-
mal ecology. Forestry. 2001;74(3):277–87.
 8. van Wieren SE, Bakker JP. The impact of browsing and grazing herbivores 
on biodiversity. In: Gordon IJ, Prins HHT, editors. The ecology of browsing 
and grazing. Springer: Netherlands; 2008. p. 263–92.
 9. Stanek G, Wormser GP, Gray J, Strle F. Lyme borreliosis. Lancet. 
2012;379(9814):461–73.
 10. Hofmeester TR, Coipan EC, van Wieren SE, Prins HHT, Takken W, Sprong 
H. Few vertebrate species dominate the Borrelia burgdorferi s.l. life cycle. 
Environ Res Lett. 2016;11(4):043001.
 11. Hanincová K, Schäfer SM, Etti S, Sewell HS, Taragelová V, Ziak D, et al. 
Association of Borrelia afzelii with rodents in Europe. Parasitology. 
2003;2003(126):11–20.
 12. Heylen D, Matthysen E, Fonville M, Sprong H. Songbirds as general 
transmitters but selective amplifiers of Borrelia burgdorferi sensu lato 
genotypes in Ixodes rinicus ticks. Environ Microbiol. 2014;16(9):2859–68.
 13. Daniels TJ, Fish D. Effect of deer exclusion on the abundance of immature 
Ixodes scapularis (Acari: Ixodidae) parasitizing small and medium-sized 
mammals. J Med Entomol. 1995;32(1):5–11.
 14. Perkins SE, Cattadori IM, Tagliapietra V, Rizzoli AP, Hudson PJ. Localized 
deer absence leads to tick amplification. Ecology. 2006;87(8):1981–6.
 15. Bolzoni L, Rosà R, Cagnacci F, Rizzoli A. Effect of deer density on tick infes-
tation of rodents and the hazard of tick-borne encephalitis. II. Population 
and infection models. Int J Parasitol. 2012;42(4):373–81.
 16. Pacilly FCA, Benning ME, Jacobs F, Leidekker J, Sprong H, Van Wieren 
SE, et al. Blood feeding on large grazers affects the transmission of 
Borrelia burgdorferi sensu lato by Ixodes ricinus. Ticks Tick Borne Dis. 
2014;5(6):810–7.
 17. Gilbert L, Maffey GL, Ramsay SL, Hester AJ. The effect of deer man-
agement on the abundance of Ixodes ricinus in Scotland. Ecol Appl. 
2012;22(2):658–67.
 18. Mysterud A, Easterday WR, Stigum VM, Aas AB, Meisingset EL, Viljugrein 
H. Contrasting emergence of Lyme disease across ecosystems. Nat Com-
mun. 2016;7(6630):11882.
 19. Daniels TJ, Fish D, Schwartz I. Reduced abundance of Ixodes scapularis 
(Acari: Ixodidae) and Lyme disease risk by deer exclusion. J Med Entomol. 
1993;30(6):1043–9.
 20. Gray JS, Kahl O, Janetzki C, Stein J. Studies on the ecology of Lyme 
disease in a deer forest in County Galway, Ireland. J Med Entomol. 
1992;29(6):915–20.
 21. Norman R, Bowers RG, Begon M, Hudson PJ. Persistence of tick-borne 
virus in the presence of multiple host species: tick reservoirs and parasite 
mediated competition. J Theor Biol. 1999;200(1):111–8.
 22. Ostfeld RS, Keesing F. Biodiversity and disease risk: the case of Lyme 
disease. Conserv Biol. 2000;14(3):722–8.
 23. Allombert S, Gaston AJ, Martin JL. A natural experiment on the 
impact of overabundant deer on songbird populations. Biol Conserv. 
2005;126(1):1–13.
 24. Vourc’h G, Abrial D, Bord S, Jacquot M, Masséglia S, Poux V, et al. Mapping 
human risk of infection with Borrelia burgdorferi sensu lato, the agent 
of Lyme borreliosis, in a periurban forest in France. Ticks Tick Borne Dis. 
2016;7:644–52.
 25. Takumi K, Sprong H, Hofmeester TR. Impact of vertebrate communi-
ties on Ixodes ricinus-borne disease risk in forest areas. Parasit Vectors. 
2019;12(1):1–12.
 26. Jones EO, Webb SD, Ruiz-Fons FJ, Albon S, Gilbert L. The effect of land-
scape heterogeneity and host movement on a tick-borne pathogen. 
Theor Ecol. 2011;4(4):435–48.
 27. James MC, Gilbert L, Bowman AS, Forbes KJ. The heterogeneity, distri-
bution, and environmental associations of Borrelia burgdorferi sensu 
lato, the agent of Lyme borreliosis, in Scotland. Front Public Health. 
2014;2(August):129.
 28. Saïd S, Servanty S. The influence of landscape structure on female roe 
deer home-range size. Landsc Ecol. 2005;20(8):1003–12.
 29. Millins C, Leo W, MacInnes I, Ferguson J, Charlesworth G, Nayar D, et al. 
Emergence of Lyme disease on treeless islands, Scotland, United King-
dom. Emerg Infect Dis. 2021;27(2):538–46.
 30. van Wieren SE, Braks MAH, Lahr J. Effectiveness and environmental 
hazards of acaricides applied to large mammals for tick control. In: Braks 
MAH, van Wieren SE, Takken W, Sprong H, editors. Ecology and prevention 
of Lyme borreliosis. Wageningen: Academic Publisher; 2016. p. 265–78.
 31. Davey RB, Pound JM, Miller JA, Klavons JA. Therapeutic and persistent effi-
cacy of a long-acting (LA) formulation of ivermectin against Rhipicephalus 
(Boophilus) microplus (Acari: Ixodidae) and sera concentration through 
time in treated cattle. Vet Parasitol. 2010;169(1–2):149–56.
 32. Falco RC, Fish D. A comparison of methods for sampling the deer tick, 
Ixodes dammini, in a Lyme disease endemic area. Exp Appl Acarol. 
1992;14(2):165–73.
 33. Gigon F. Biologie d’Ixodes ricinus sur le Plateau Suisse—une contribution 
a l’ecologie de ce vecteur. Universite de Neuchatel; 1985.
 34. Gilbert L. Altitudinal patterns of tick and host abundance: a potential 
role for climate change in regulating tick-borne diseases? Oecologia. 
2010;162(1):217–25.
 35. Gern L, Douet V, López Z, Rais O, Cadenas FM. Diversity of Borrelia 
genospecies in Ixodes ricinus ticks in a Lyme borreliosis endemic area in 
Switzerland identified by using new probes for reverse line blotting. Ticks 
Tick Borne Dis. 2010;1(1):23–9.
 36. Rijpkema SG, Molkenboer MJ, Schouls LM, Jongejan F, Schellekens JF. 
Simultaneous detection and genotyping of three genomic groups of 
Borrelia burgdorferi sensu lato in Dutch Ixodes ricinus ticks by characteriza-
tion of the amplified intergenic spacer region between 5S and 23S rRNA 
genes. J Clin Microbiol. 1995;33(12):3091–5.
 37. Heylen D, Tijsse E, Fonville M, Matthysen E, Sprong H. Transmission 
dynamics of Borrelia burgdorferi s.l. in a bird tick community. Environ 
Microbiol. 2013;15(2):663–73.
Page 12 of 12Gandy et al. Parasites Vectors          (2021) 14:509 
•
 
fast, convenient online submission
 •
  
thorough peer review by experienced researchers in your field
• 
 
rapid publication on acceptance
• 
 
support for research data, including large and complex data types
•
  
gold Open Access which fosters wider collaboration and increased citations 
 
maximum visibility for your research: over 100M website views per year •
  At BMC, research is always in progress.
Learn more biomedcentral.com/submissions
Ready to submit your research ?  Choose BMC and benefit from: 
 38. Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM. Mixed effects models 
and extensions in ecology with R. Gail M, Krickeberg K, Samet JM, Tsiatis 
A, Wong W, editors. Amsterdam: Springer; 2009. p. 580.
 39. Barton K. MuMIn: multi-model infectence. In: R package version 1.43.6 
http:// mumin.r- forge.r- proje ct. org/. 2019.
 40. Brewer MJ, Butler A, Cooksley SL. The relative performance of AIC, AICc 
and BIC in the presence of unobserved heterogeneity. Methods Ecol Evol. 
2016;7(6):679–92.
 41. Harrison XA. A comparison of observation-level random effect and 
beta-binomial models for modelling overdispersion in binomial data in 
ecology & evolution. PeerJ. 2015;3:e1114.
 42. Hartig F. DHARMa: residual diagnostics for hierarchical (multi-level/mixed) 
regression models. 2020. http:// flori anhar tig. github. io/ DHARMa/.
 43. Lewis F, Butler A, Gilbert L. A unified approach to model selection using 
the likelihood ratio test. Methods Ecol Evol. 2011;2:155–62.
 44. Harrison XA. Using observation-level random effects to model overdis-
persion in count data in ecology and evolution. PeerJ. 2014;2:e616.
 45. Elston DA, Moss R, Boulinier T, Arrowsmith C, Lambin X. Analysis of 
aggregation, a worked example: numbers of ticks on red grouse chicks. 
Parasitology. 2001;122(5):563–9.
 46. Hillyard P. Ticks of North-west Europe. Barnes RS, Crothers JH, editors. 
Field Studies Council; 1996. p. 178.
 47. Hofmeester TR, Jansen PA, Wijnen HJ, Coipan EC, Fonville M, Prins HHT, 
et al. Cascading effects of predator activity on tick-borne disease risk. Proc 
R Soc B Biol Sci. 2017;284:20170453.
 48. Gilbert L, Brunker K, Lande U, Klingen I, Grøva L. Agriculture, ecosystems 
and environment environmental risk factors for Ixodes ricinus ticks and 
their infestation on lambs in a changing ecosystem: implications for 
tick control and the impact of woodland encroachment on tick-borne 
disease in livestock. Agric Ecosyst Environ. 2017;237:265–73.
 49. Gilbert L, Norman R, Laurenson KM, Reid HW, Hudson PJ. Disease 
persistence and apparent competition in a three-host community: an 
empirical and analytical study of large-scale, wild populations. J Anim 
Ecol. 2001;70(6):1053–61.
 50. Hofmeester TR, Sprong H, Jansen PA, Prins HHT, van Wieren SE. Deer pres-
ence rather than abundance determines the population density of the 
sheep tick, Ixodes ricinus, in Dutch forests. Parasit Vectors. 2017;10(1):433.
 51. Klaus C, Gethmann J, Hoffmann B, Ziegler U, Heller M, Beer M. Tick infesta-
tion in birds and prevalence of pathogens in ticks collected from different 
places in Germany. Parasitol Res. 2016;115:2729–40.
 52. Herder DM, Helle S, Niemelä P, Henttonen H, Helle T. Large herbivore 
grazing limits small-mammal densities in Finnish Lapland. Ann Zool Fen-
nici. 2016;53(3–4):154–64.
 53. Skuballa J, Petney T, Pfäffle M, Oehme R, Hartelt K, Fingerle V, et al. Occur-
rence of different Borrelia burgdorferi sensu lato genospecies including 
B. afzelii, B. bavariensis, and B. spielmanii in hedgehogs (Erinaceus spp.) in 
Europe. Ticks Tick Borne Dis. 2012;3(1):8–13.
 54. Jahfari S, Ruyts SC, Frazer-Mendelewska E, Jaarsma R, Verheyen K, Sprong 
H. Melting pot of tick-borne zoonoses: the European hedgehog contrib-
utes to the maintenance of various tick-borne diseases in natural cycles 
urban and suburban areas. Parasit Vectors. 2017;10(1):1–9.
 55. Gern L, Rouvinez E, Naime Toutoungi L, Godfroid E. Transmission cycles of 
Borrelia burgdorferi sensu lato involving Ixodes ricinus and/or I. hexagonus 
ticks and the European hedgehog, Erinaceus europaeus, in suburban and 
urban areas in Switzerland. Folia Parasitol. 1997;44(4):309–14.
 56. Eccard JA, Pusenius J, Sundell J, Halle S, Ylönen H. Foraging patterns 
of voles at heterogeneous avian and uniform mustelid predation risk. 
Oecologia. 2008;157(4):725–34.
 57. Smit R, Bokdam J, Ouden JD, Olff H, Schrijvers M. Effects of introduction 
and exclusion of large herbivores on small rodent communities. Plant 
Ecol. 2011;155(1):119–27.
 58. van Duijvendijk G. The ecology of Lyme borreliosis risk. Wageningen: 
Wageningen University; 2016.
 59. Logiudice K, Duerr STK, Newhouse MJ, Schmidt K, Killilea ME, Ostfeld RS. 
Impact of host community composition on Lyme disease risk. Ecology. 
2008;89(10):2841–9.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.
